ABSTRACT A small cluster of dioecious species in the plant genus Silene has evolved chromosomal sex determination and sex chromosomes relatively recently, within the last 10 million years (MY). Five dioecious Silene species (section Elisanthe) are very closely related (1-2 MY of divergence) and it was previously thought that all five have similar sex chromosomes. Here we demonstrate that in one of these species, Silene diclinis, the sex chromosomes have been significantly rearranged, resulting in the formation of neo-sex chromosomes. Fluorescence in situ hybridization with genic and repetitive probes revealed that in S. diclinis a reciprocal translocation has occurred between the ancestral Y chromosome and an autosome, resulting in chromosomes designated Y1 and Y2. Both Y1 and Y2 chromosomes are male specific. Y1 pairs with the X chromosome and with the autosome (the neo-X), which cosegregates with X. Y2 pairs only with the neo-X, forming a chain X-Y1-neo-X-Y2 in male meiosis. Despite very recent formation of the neo-sex chromosomes in S. diclinis, they are present in all surveyed individuals throughout the species range. Evolution of neo-sex chromosomes may be the cause of partial reproductive isolation of this species and could have been the isolating mechanism that drove speciation of S. diclinis.
P
AIRING of homologous chromosomes during meiosis, in the majority of diploid plants and animals, leads to the formation of bivalents at first metaphase and subsequently the correct segregation of the chromosomes. Chromosomal translocations that produce multivalents usually result in unbalanced segregation, which consequently affects fertility. However, chain or ring configurations appear to be stably inherited in some species. An extreme example is found in the plant genus Oenothera, where many species display a ring involving all 14 chromosomes (Cleland 1972) . In animals these configurations may include sex chromosomes, resulting in the formation of multiple X and Y chromosomes. For example, the monotreme platypus possesses five X and five Y chromosomes that form a chain of alternating X and Y chromosomes in male meiosis (Bick and Sharman 1975; Gruetzner et al. 2006) . Such chains are formed due to several interchromosomal translocation events, including sex chromosome-autosome translocations (Gruetzner et al. 2006) . Since sex chromosomes are rare in plants, examples of plant sex-linked chromosome multiples have been reported on only a few occasions. A chain of four X and five Y has been identified in an East African mistletoe Viscum fischeri (Wiens and Barlow 1975) and a chain of two X and two Y has been found in Humulus lupulus ssp. cordifolius (Shephard et al. 2000) .
Trivalent formation comprising Y1 X Y2 has been observed both in H. japonicus (Shephard et al. 2000) and in a number of dioecious species in the genus Rumex (Cunado et al. 2007; Navajas-Perez et al. 2009 ). Here we report that the plant species Silene diclinis has multiple sex chromosomes that form a chain of four during meiosis metaphase I.
S. diclinis is a member of a small group of dioecious species (having separate male and female plants) in section Elisanthe in the plant genus Silene (Caryophyllaceae). The other members of this group are S. latifolia, S. dioica, S. heuffelii, and S. marizii (Prentice 1978) . The presence of large heteromorphic sex chromosomes in S. latifolia and S. dioica has been known for many years (Westergaard 1958) . Due to the ease of cytogenetic identification of the sex chromosomes, the clear morphological difference between the sexes and the short generation time, S. latifolia was used in early genetic research concerning sex determination in plants. The male was shown to be the heterogametic sex (XY) with the larger Y chromosome having a decisive role in sex determination (Westergaard 1958) . Since then, S. latifolia has become a species of choice for studies in plant genetics, ecology, and evolution (Bernasconi et al. 2009) . It is particularly useful for studies of sex chromosome evolution because the sex chromosomes in Silene are of relatively recent origin compared to those of mammals (Charlesworth 2002; Ming and Moore 2007; Marais et al. 2008) .
Experimental crosses involving all five dioecious species in Silene section Elisanthe in various pairwise Supporting information is available online at http:/ /www.genetics.org/ cgi/content/full/genetics.109.103580/DC1. 1 combinations have produced viable hybrids and, although some combinations were less successful than others, the formation of these hybrids suggests a close relationship within this group (Prentice 1978) . This close relationship is also illustrated by DNA sequence comparisons that show that interspecific silent divergence between these species does not exceed 2%, which is comparable to intraspecific polymorphism in S. latifolia (Ironside and Filatov 2005) . S. diclinis is a rare and restricted endemic, found only in Southern Valencia, Spain in an area smaller than 18 3 9 km (Prentice 1976; Montesinos et al. 2006) . Of the other four Elisanthe species, only S. latifolia occurs in this region, and experimental crosses between these two species are the least successful (Prentice 1978) . Hybrids between S. latifolia and S. dioica occur naturally in regions where their populations coincide (Baker 1948) but no natural hybrids of S. diclinis and S. latifolia have been reported.
Cytogenetic analysis of S. diclinis has been limited. Examination of mitotic metaphase spreads in root tip squash preparations from adult male and female plants indicated that the male had one X and one Y chromosome. Both chromosomes were large but the difference between them was slight (van Nigtevecht and Prentice 1985) . Regular pairing of chromosomes with 12 bivalents at metaphase I in pollen mother cells has been reported (Morisset and Bozman 1969) . However, these observations were made without the benefit of a marker for the Y chromosome. Recently, sequences with homology to an Ogre retrotransposon have been isolated from S. latifolia and used as probes in fluorescence in situ hybridization (FISH) experiments on mitotic (Cermak et al. 2008) and both mitotic and meiotic (Filatov et al. 2009 ) chromosome spreads. The pattern of hybridization showed that these sequences are widespread over the X chromosome and all of the autosomes but are mainly confined to a small section at the pairing region of the Y chromosome in S. latifolia. Therefore, these probes ''paint'' all the chromosomes apart from the Y, providing a ''negative paint'' for the Y chromosome. By using one of these probes (clone 4.2) on meiotic spreads of S. dioica and S. marizii, we confirmed that these species have sex chromosomes similar to those of S. latifolia (Filatov et al. 2009 ). The X and Y formed a rod bivalent and the Y chromosome was larger than both the X and autosomes.
In this article we report our FISH experiments with S. diclinis using the negative paint probe together with probes containing S. latifolia sex-linked gene sequences. We demonstrate that S. diclinis males have two Y chromosomes that differ in the distribution of the paint signal and these gene sequences. In meiotic metaphase I, one Y pairs with the X and an autosome while the second Y pairs with the other arm of this autosome, forming a chain of four chromosomes. We suggest that an autosome-Y reciprocal translocation was involved in the evolution of neo-sex chromosomes in this species.
MATERIALS AND METHODS
Plant material: Five plants of S. diclinis were raised from seed collected in May 2007 from one female plant growing near Xativa Castle, Valencia, Spain (Table 1) . Slide preparations made from root tips of the two female plants and anthers of the three males were used for FISH with clone 4.2 as described below. Seed was collected from one female pollinated by one male. Thirty-three F 1 plants were obtained after sowing 40 seeds in the same glasshouse with a 16-hr day at 20-22°. Root tips were collected from the young plants, fixed in ethanol and glacial acetic acid (3:1), and stored at 4°. Slide preparations with mitotic cells were obtained for 30 of these plants and these were probed with clone 4.2. At flowering, 9 of these were male and 21 were female. Anthers from the male parent were used for FISH experiments with gene probes together with clone 4.2.
Stems bearing small buds were collected from flowering males in April 2008 from six populations across the species range ( Table 1 ). The material from each plant was kept in a separate polythene bag in a cool box or refrigerator for 3 or 4 days while the buds were examined. The meiotic stage of pollen mother cells in one large anther from each bud was determined by squashing and staining with lacto-propionic orcein. The remaining nine anthers of buds with pollen mother cells at the dyad stage or earlier were fixed and stored at 4°. Slide preparations made from these anthers were used for FISH with clone 4.2 as a probe as described below.
FISH probes: Clone 4.2, which paints all of the chromosomes except the majority of the Y, is described in . 2003) genes were used as genic probes. These fragments were PCR amplified from genomic DNA of a single S. latifolia male (accession IL25H) and cloned into pCR-TOPO vector using a TA-TOPO cloning kit (Invitrogen). The primers used to amplify these fragments and the probe lengths are shown in Table 2 .
Slide preparations and FISH: Slide preparations were made from individual anthers and root tips, adjusting the digestion time as necessary (Armstrong et al. 1998; Howell et al. 2002) . Methods for the slide pretreatment, hybridization, and posthybridization procedures for FISH have been described previously (Howell et al. 2002) . Probes were labeled by nick translation (Roche). Genic probes were labeled with digoxigenin-11-dUTP and detected with anti-digoxigeninrhodamine (Roche). Clone 4.2 was labeled with either digoxigenin-11-dUTP or SpectrumGreen-dUTP (Abbot Molecular). Anti-digoxigenin-fluorescein or -rhodamine (Roche) were used to detect the digoxigenin-11-dUTP and the SpectrumGreen-dUTP signal was enhanced by a FITC amplification kit (Cambio). Slides were counterstained with DAPI (1 mg/ml) in Vectashield (Vector). Images were captured using SmartCapture software (Digital Scientific) with a Nikon E600 or an Olympus BX61 fluorescence microscope.
RESULTS
When clone 4.2 was used as a FISH probe on slide preparations from anthers of a male S. diclinis plant, hybridization sites were observed on all 24 chromosomes of tapetal cells undergoing mitosis. The sites on 22 chromosomes were frequent and widespread along the chromosomes with only satellites and telomeric regions being free of signal. Although the frequency varied along the chromosomes, they were effectively painted with the probe. In contrast, the frequency of hybridization sites was much lower in large sections of the remaining two chromosomes (Figure 1a ). These two large chromosomes were easily recognized by these ''unpainted'' sections and were always involved in a chain quadrivalent observed in pollen mother cells at metaphase I. The other chromosomes formed 10 bivalents (Figure 1i ). Two further males from the same maternal plant from the Xativa Castle population (Table 1) gave the same result whereas all 24 chromosomes of mitotic cells of root tips from two female plants were painted with the probe (Figure 1b) .
Since these plants were probably full sibs, it was possible that they were not representative of the species. To determine whether the presence of these two partially unpainted chromosomes is common in males of this species, we collected buds from males from six different S. diclinis populations representing the entire range of the species (Table 1) . Slide preparations made from anthers of nine males were used for FISH with clone 4.2 as the probe. All nine had two large chromosomes with unpainted sections, similar to the original plant. Cells at metaphase I were obtained for six of these nine males and a chain quadrivalent involving these chromosomes was present in all six. We investigated the inheritance of these chromosomes using FISH with clone 4.2 on mitotic spreads from root tips of 30 F 1 plants. None of the 21 females inherited either of the chromosomes whereas all nine males inherited both. Therefore, they appear to be inherited from father to sons, but not daughters, as expected for Y chromosomes. For 23 of these plants, chromosomes were sufficiently spread for chromosome counts to be made and all had 24 chromosomes.
We examined the morphology of these two Y chromosomes in the male parent of the cross. They were similar in length and also similar to a third chromosome that we subsequently identified as the X chromosome using gene-specific probes (Figure 1a) . In contrast, only two chromosomes of this size were present in the female (Figure 1, b and c) . The Y chromosomes, Y1 and Y2, could be distinguished from each other easily by the distribution of the clone 4.2 signal. Y1 had labeling in both distal regions, one end having a larger labeled section than the other (Figure 1, a, d , f, and h). Y2 had labeling in the distal region of one arm whereas the other arm had an interstitial band of hybridization (Figure 1, a, e, g, and h ). Smaller bands were also observed in some spreads, particularly on Y2. The relative lengths of the X, Y1, and Y2 were estimated from 10 (Y1 and Y2 only) and 5 (Y1, Y2, and X) cells. The Y2/Y1 and Y1/X ratios were 1.0. At metaphase I, the arrangement of the chromosomes in the chain quadrivalent was always the same. It began with the large painted X chromosome followed by Y1, orientated so that the arm with the smaller region of clone 4.2 labeling formed a chiasma (crossover) with the X. The other arm of Y1 paired with a smaller painted chromosome. The opposite arm of this chromosome formed a chiasma with the painted end of Y2. The unpainted end of Y2 was never involved in a chiasma (Figure 1, i-o) .
The probes for the S. latifolia sex-linked genes (see materials and methods and Table 2 ) were applied to chromosome preparations from the same male, each with clone 4.2. Silent site divergence between the X-and Y-linked homologs for all these genes, except the SlY4/ X4, is ,10% (Bergero et al. 2007) , thus all the genic probes except the SlY4 give clear signals on both X and Y chromosomes regardless of whether the X-or the Ylinked copy is used as a probe (data not shown). The SlY4 probe is detected on the S. latifolia Y chromosome but not the X. In S. diclinis, all probes except SlY4 were detected on the large chromosome painted with clone 4.2 that forms one end of the quadrivalent, and, therefore, this is considered to be the X (Figure 1 , i-l, and o). SlY1, SlCypY, and DD44X hybridized near the nonpairing end whereas SlssY (Figure 1, i and j) hybridized further along the chromosome. Note that hybridization of the SlY1 probe at the nonpairing end of the X chromosome contradicts the results of genetic mapping reported previously (Nicolas et al. 2005) . This may reflect polymorphism for inversion(s) on S. diclinis X chromosomes and needs to be investigated further. Each of these probes also hybridized at one major site on Y1, the next chromosome in the chain. The SlssY site appeared to be closest to the clone 4.2 band at the end pairing with the X chromosome ( Figure1, i and j) . The DD44X site (Figure 1k ) was next and the SlY1 (Figure 1l ) and SlCypY (Figure 1 , h and o) sites were close to the painted region at the other end. The SlY4 probe hybridized only at one major site and this was on Y2 (Figure 1, m and n) . The dioecious species S. diclinis is closely related to S. latifolia (2n ¼ 22 1 XX or XY) and we expected that it would have similar X and Y chromosomes. Twenty-four chromosomes are present in S. diclinis in both males and females, but when we use FISH with a probe acting as a negative paint for the Y chromosome in S. latifolia (Cermak et al. 2008; Filatov et al. 2009 ), we find that two chromosomes are largely unpainted in S. diclinis males. Both of these behave as Y chromosomes because they are inherited from father to sons.
The X and Y chromosomes are the largest of the S. latifolia complement with the Y:X length ratio being $1.5 (Grabowska-Joachimiak and Joachimiak 2002). In S. diclinis, the two Y chromosomes and the true X chromosome, identified by genic probes, are the largest of the complement but all three chromosomes are of a similar size. The fourth chromosome involved in the chain quadrivalent observed at meiotic metaphase I is smaller but it was not possible to identify this chromosome among the autosomes in mitotic spreads of the male plants. van Nigtevecht and Prentice (1985) identified only one X and one Y in males derived from a sample collected from Xativa in 1974, but they noted that there was only a slight difference in length with Y/X, $1.1, agreeing with our measurements. The absence of a second large Y in the material studied by these authors might suggest that either it was not present or it could not be distinguished from the autosomes using solid staining techniques. As chromosome behavior at male meiosis was not investigated, it is not known whether a quadrivalent was formed, but regular pairing of chromosomes with 12 bivalents has been reported in a male plant from seed collected on Mt. Xativa in $1958 (Morisset and Bozman 1969) . Therefore, it is possible that not all males possess the two Y chromosomes that we have detected. However, we found two Y chromosomes in all of the material collected from six populations across the species range, indicating that this combination is widespread and common.
Since S. latifolia, S. dioica, and S. marizii each have only one Y chromosome (Filatov et al. 2009 ), we suggest that the original S. diclinis Y chromosome was involved in a reciprocal translocation with an autosome (Figure 2) . Consequently, the segment of the Y chromosome containing the Y4 sequence was translocated to a painted autosome, beginning the formation of the chromosome that we recognize as Y2. Similarly, part of the painted autosome was translocated to the Y chromosome, forming Y1. Such translocations do not prevent pairing and recombination of the previously autosomal (painted) parts of Y1 and Y2 with the neo-X chromosome. Thus, these painted regions of Y1 and Y2 can be regarded as pseudoautosomal; however, further rearrangements could cause cessation of recombination in at least part of these regions. The current distribution of the paint signal indicates that some rearrangement(s) of the Y2 chromosome have probably occurred. Such a situation has been described recently in black muntjacs (Zhou et al. 2008) . The nonpainted regions of Y1 and Y2 (originated from the Y chromosome) should not recombine in males and thus may contain sex-determining genes. Whether the sex-determining genes are present exclusively on Y1 or Y2 or are distributed between the two is not known; the latter situation is possible, since these genes must have been located in the nonrecombining part of the ancestral Y, and these regions remain nonrecombining in the new arrangement and cosegregate perfectly. The formation of the chain between the X, Y1, normal autosome, and Y2 at meiotic metaphase I supports this suggestion. Although we have not looked at segregation patterns in metaphase II dyads, this arrangement is likely to produce alternate segregation patterns at anaphase I, such that Y1 and Y2 segregate together and X and the normal autosome move to the other pole. Since F 1 females have 24 chromosomes, we find that the normal autosome is indeed inherited with the X chromosome and acts as a neo-X. Alternate segregation is seen in other species with multiple sex chromosomes that form a chain (Gruetzner et al. 2006) . For example, in the dioecious species in Rumex section Acetosa having two Y chromosomes and a single X these three chromosomes form a trivalent, Y1-X-Y2, and gametes containing either the X or Y1 and Y2. Consequently female plants are 2n ¼ 12 1 XX and males are 2n ¼ 12 1 XY1Y2 (Cunado et al. 2007; Navajas-Perez et al. 2009 ). In S. diclinis females and males have the same chromosome number with females being 2n ¼ 20 1 XXneo-Xneo-X and males 2n ¼ 20 1 Xneo-XY1Y2.
In a reciprocal translocation event, the entire length of the neo-X chromosome would theoretically recombine in males with homologous regions, now carried on either Y1 or on the neo-Y (Y2); thus both Y1 and Y2 in S. diclinis would include recombining, or pseudoautosomal, regions and nonrecombining regions. However, further chromosomal rearrangements in Y1 and Y2 will result in movement of parts of the recombining regions into locations that do not recombine with the X or neo-X in males. The corresponding regions of the neo-X may then be sheltered from recombination in males, not dissimilar to the ''normal'' X chromosome. If recombination is suppressed at least in part of the neo-Y regions in S. diclinis, the spread of the neo-sex chromosomes could have been driven by selection for gene(s) that are beneficial specifically for males (Rice 1987; van Doorn and Kirkpatrick 2007) . The isolation of genes located on the neo-X and neo-Y in S. diclinis would help to answer the questions as to whether such rearrangements have occurred and whether neo-Y-linked genes recombine in males.
The presence of the neo-sex chromosomes in S. diclinis individuals throughout the species range suggests that their origin is not very recent (unless they were driven to high frequency or fixation by positive selection). However, the absence of the neo-sex chromosomes in other dioecious Elisanthe species provides an upper boundary for the age of the neo-sex chromosomes in S. diclinis. Given low DNA divergence between the dioecious species in Silene section Elisanthe (Ironside and Filatov 2005) it is likely that these species diverged only 1-2 MY ago. Most crosses between the species in this section yield abundant fertile progeny, except the crosses involving S. diclinis (Prentice 1978) . Chromosomal rearrangements in the latter species provide a possible explanation for the higher degree of reproductive isolation of this species from the other species in section Elisanthe and could have been the isolating mechanism that drove speciation of S. diclinis. LITERATURE CITED
